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 1 
Abstract 
 There are many applications for thin films of ordered particles including 
membranes, microlens arrays, and structure-color coatings.  Convective deposition, a 
process that uses evaporation-driven flow in a thin liquid film to order particles, is a 
relatively fast and scalable method of making such films.  Recently, it was shown that using 
lateral vibration in the direction of coating can enhance this process.  This work focuses on 
depositing well-ordered monolayers of a binary suspension of microspheres and 
nanoparticles to understand the effect of the process parameters on the final distribution of 
particles. In order to investigate the deposited morphology of binary suspensions, various 
concentrations of nanoparticles were deposited on the substrate at 50 Hz frequency and a 
range of vibration amplitudes. The result was for all concentrations, the deposition rate and 
the range of speed for monolayers tend to increase with amplitude of vibration. The overall 
quality of the thin films is more uniform; the stripes are rarely seen. However, areas exist 
where microspheres were not surrounded by nanoparticles, and this inhomogeneity 
increases with higher amplitude vibration. To analyze the non-uniformity of deposition, 
samples were imaged using confocal laser scanning microscopy and particle-level image 
analysis.  The particle coverage, the intensity of segregation, the distribution of number of 
nearest neighbored particles of microsphere and local area of particles were characterized. 
At low amplitude, the nanoparticle coverage is higher and has small deviation over large 
sample areas.  As expected, each microsphere on average has 6 nearest neighbored (NN) 
particles and a relatively uniform local area distribution for uniform, well-ordered particle 
coatings. On the other hand, when the coverage has many defects due to vibration, the 
average number of NN particles tends to decrease which can also be described by the a 
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decrease in the distribution of local areas. Even though many localized defects are 
generated when vibration is imposed, the overall uniformity remains high, as indicated by 
a low intensity of segregation across all vibration samples. All of these parameters allow a 
direct connection of microstructure to the macroscopic process parameters.  
  
 3 
1. Introduction 
 Convective deposition, the flow-assisted self-assembly driven by an evaporative 
flux, has potential for designing nanoscale structures for many fields varying from 
nanotechnology for electronic devices, such as enhancement of microlens arrays for light 
emitting diodes1–6, to biotechnology for pharmaceutical and biomedical applications, such 
as biocoating from live cell-particle suspensions7,8, surface-enhanced Raman scattering by 
cells of microorganism9, and membranes for bioseparations10. This process has the ability 
to fabricate 3D-structured coatings using a continuous, scalable process.  
Convective deposition is a rapid, inexpensive, and easily controlled method for 
creating self-assembled, ordered particle monolayer coatings. It was developed from 
observations of spontaneous crystallization in thin films. In those experiments, two 
fundamental mechanisms in thin film colloidal crystallization of colloidal particle 
assembly are nucleation, driven by the capillary forces between the particles, and the 
crystal growth governed by the water evaporation from the already ordered area (figure 1). 
11–13 This can occur when a colloidal suspension is spread over a substrate. After water 
evaporation, the thickness of the liquid layer gradually decreases to the particle diameter 
and the crystal nuclei are suddenly formed under the attractive capillary forces. When the 
particles are partially immersed in the thin liquid layer, the liquid-air interface is deformed. 
To minimize the surface energy, strong interparticle capillary forces arise and allow the 
crystal to grow by particle-particle and particle-substrate attractions at the contact line. 
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Instead of random nucleation and growth, it is possible to utilize these physics to 
fabricate perfect colloidal monolayers.  Nagayama and his colleague proposed a simple 
mass balance to estimate the withdrawal velocity of the substrate plate, vs, which must be 
equal to the crystal formation rate, vc, as following equation.13    
 
             (1) 
 
The crystal formation rate, vc, depends on the particle volume fraction, f , evaporation flux 
of the liquid medium, Je, drying length, l, particle diameter, d, layers of particle array, N, 
and a deposition parameter, b. Here, b varies from 0 to 1, depending on particle-particle 
and particle-substrate interactions. Three resulting morphologies of deposited particles are 
sub-monolayer, monolayer, and multilayer, are presented (figure 2). These morphologies 
are dependent on the relationship of vs to vc. The ideal deposited monolayer is formed when 
vs = vc (figure 2b). If vs < vc, it results in sub-monolayer (figure 2a); otherwise, multilayer 
appears when vs > vc (figure 2c), where it is possible to create many-layered colloidal 
crystals thin films. 
vs= vc=
βl
0.605
Jeϕ
Nd(1-ϕ) 
Figure 1 Schematic process of particle assembly governed by liquid flow.12 
กดสเสgfdjskdriven  
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 Since these early studies, the convective deposition of mono-sized colloidal 
suspensions has been investigated many times over for many applications. One method to 
improve surface properties of the thin films applies the use of binary suspensions of 
different sizes of particles, microspheres and nanoparticles.  The nanoparticles fill the 
interstitial spaces between the microspheres while reducing various defects and instabilities 
that can occur. Achieving well-ordered microsphere monolayers, an optimum ratio of 
volume fraction of nanoparticles to microspheres, fnano /fmicro, was determined to balance 
the relative microsphere and nanoparticle fluxes during assembly. On the other hand, when 
fnano was lower or higher than the optimum value, 	ϕnano* ,		 an instability arised and caused 
the formation of stripes; alternating monolayer and sub-monolayer regions (fnano <	ϕnano* ) 
or alternating monolayer and multilayer bands (fnano > ϕnano
* ).14 In case of insufficient 
nanoparticle flux, the moving of microspheres was faster than that of nanoparticle resulting 
in the stripe formation. Otherwise, when the nanoparticle flux was much greater than the 
flux of microsphere, the nanoparticles inhibited the crystallization of microspheres, sub-
monolayers were formed, or the microspheres were vertically packed and formed 
multilayers.15 Recently, vibration was employed in conventional convective deposition in 
order to enhance the morphology of the thin films.16 This vibration-assisted convective 
deposition resulted in a faster speed of monolayer deposition and a larger range of 
monolayer speeds for an optimum concentration (20 vol% silica microspheres and 8 vol% 
nanoparticles). 
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 As stated above, the stripes were noticed at low volume fraction of nanoparticles. 
In this study, we aim to minimize the formation of stripes for samples with low nanoparticle 
content and improve nanoparticle distribution by using lateral substrate vibration-assisted 
convective deposition. The effect of amplitude, A0, and frequency, w, of vibration was 
considered in the previous work. 16 They found that the higher w, especially w = 50 Hz, 
resulted in the tremendously larger range of conditions for monolayer depositions and no 
limitation to small A0. Thus we study the effect of A0 on the morphology of the deposited 
films for low nanoparticle volume fractions at w = 50 Hz. We observe the defect within the 
thin films (section 3.1), monolayer deposition speeds, vmono, at different A0 (section 3.2) 
and characterize the microstructure of deposited particle layers by image analysis (section 
3.3).  
 
Figure 2 Three resulting morphologies of deposited particle layer: (a) sub-monolayer, 
(b) monolayer, and (c) multilayer.4  
(a) (b) (c) 
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2. Materials and Methods 
2.1 Suspension Preparation 
The primary aqueous colloid suspension used in this work is prepared by dispersing 
silica microspheres (Fiber Optic Center Inc., USA), having a density of 2.2 g/cm3 and an 
average diameter of 2amicro = 0.95 ± 0.02 µm, in deionized (DI) water at volume fraction 
fmicro= 0.2. The suspension is dispersed using a sonic dismembrator (model 550, Fisher 
Scientific, Pittsburgh, PA) for 15 min. A separate colloidal suspension of diameter 2anano= 
100 nm polystyrene (PS) nanoparticles prepared at fnano=0.08 in DI water (supplied by the 
Emulsion Polymer Institute, Lehigh University) is combined with the silica solution to 
achieve the desired suspension composition.  
 
2.2 Substrate Preparation 
Plain glass microslides (76 ´ 25 ´ 1 mm3, Fisher PA), and glass coverslips (40 ´ 
24 ´ 0.25 mm3, Fisher PA) are used as deposition blades and substrates, respectively. All 
glassware is cleaned by immersion in Piranha solution, 5:1 v/v sulfuric acid/hydrogen 
peroxide, for at least 3 hours. The cleaned glassware is rinsed with DI water until no 
residual acid remains and is then immersed in DI water until use. The bottom edge of the 
glass deposition blade is treated to be hydrophobic by adding a thin coating with parafilm 
(Fisher PA).  
 
2.3 Deposition. 
The experimental setup is shown in Figure 3. This apparatus is contained within a 
humidity-controlled environment, where all experiments were performed at a constant 20% 
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relative humidity and 24°C. The deposition blade angle is fixed at 45°, positioned 
approximately 10 µm above the substrate. The volume of 10 µl colloid suspension is 
injected into the wedge between the substrate and deposition blade for each experiment. 
The substrate is then pulled at a certain deposition speed (25 µm/s £ vs £ 120 µm/s) using 
a linear motor (Harvard Instrument Co. Ltd.), while a mechanical driver (PASCO SF-9324) 
and a waveform generator (Agilent 3320A) are used to periodic oscillation. The position 
of the substrate is given by  
 
 x = vst + A0sinwt, (2) 
 
where vs is the apparent deposition velocity of the substrate and A0 and w are the amplitude 
and frequency of vibration. The effect of vibration at various A0 and w = 50 Hz is studied. 
 
 
 
 
 
 
 
 
 
Figure 3 Left, schematic diagram of experimental setup showing deposition apparatus with 
periodically oscillating and moving substrate. Right, example image of deposited 
microspheres (black) and nanoparticles (green). 
5 µm 
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2.4 Microstructure Analysis 
 Deposited monolayers are observed directly using confocal laser scanning 
microscopy (VTeye, Visitech International). The sample is scanned along the deposition 
length sampling (~60000 microspheres). The relative microsphere substrate coverage, r, 
Intensity of segregation, I, the distribution of nearest neighbor microspheres, and the local 
area, where a central particle is surrounded by its nearest neighbor particles, are evaluated.   
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3. Results and Discussions 
 In this study, the effect of vibration amplitude, A0, on the morphology of the 
deposited films for low nanoparticle volume fractions is reported. We observe the defects 
that form within the thin films (section 3.1) at monolayer deposition speeds, vmono, at 
different A0 (section 3.2) and characterize the microstructure of deposited particle layers 
by image analysis (section 3.3). Finally, we hypothesize the origin of these defects based 
on the evidence of the defect distribution. 
 
3.1 Defects within the thin films 
 As mentioned above, in case of the optimal nanoparticle concentration, 
microspheres are completely surrounded by nanoparticles; nanoparticles fill the interstitial 
regions between microspheres. The stripes that form due to the flux imbalance occurs when 
lower than optimum nanoparticle concentrations are used. When vibration is employed in 
the system, the overall quality of the thin film is uniform; the stripes are rarely seen. 
However, at low nanoparticle concentrations, the defects, which are defined as areas where 
nanoparticles do not exist, occur with the use of vibration. The defects are represented as 
black areas in figure 4(b), 4(c), and 4(d). The amount of defects is dependent on the 
concentration and the amplitude of vibration, which will be characterized in section 3.3. 
Nevertheless, within the defect regions the microspheres have been locally ordered as seen 
in Figure 5. Thus well-ordered monolayer of microspheres could be expected although 
some regions lack nanoparticle. It will be presented in terms of deposition speed at various 
amplitudes of vibration (section 3.2). 
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Figure 4 Scanned images for fnano:fmicro = 0.01:0.2 from confocal laser scanning 
microscopy of which black dots and white background represent microspheres and 
nanoparticles, respectively. Defects occur after vibration is used. These defects are defined 
as area where nanoparticles do not exist.    
 
(a) No vibration 
5 µm 
(c) A0 = 193 µm 
5 µm 
(d) A0 = 317 µm 
5 µm 
(b) A0 = 69 µm 
5 µm 
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3.2 Morphologies and the deposition speeds of the thin films  
Figure 6 shows the morphologies of thin films after depositing at various deposition 
speeds and amplitudes of vibration. As seen in previous research, without vibration, A0 = 
0, there is a very narrow range of deposition speed that results in monolayer coatings.15,16 
With added vibration, vmono increases with the amplitude of vibration, A0. This can be 
interpreted as either the evaporation rate, Je, or the drying length, l, increases when the 
amplitude is increased. Surpisingly, a wide range of deposition speeds that result in 
monolayer morphology is also observed at higher vibration amplitudes as compared to 
deposition without the use of vibration. These results agree well with the previous research 
which studied at an optimum nanoparticle volume fraction, fnano = 0.08; the addition of 
vibration enhances the monolayer speed of deposition.16  When the substrate is subjected 
to horizontal vibration, especially ultrasonic vibration at low A0 and high w, the horizontal 
vibration can create waves which lead to an increase in interface between the air and the 
5 µm 
Figure 5 Dye-subtracted-scanned image from Confocal microscopy for fnano:fmicro = 
0.01:0.2 at 317µm amplitude. The microspheres within the defect regions are shown. 
Green areas represent non-defect regions and grey areas are defect regions. 
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liquid film, thus the evaporation rate is faster.17 Likewise, this low-amplitude vibration can 
enhance the film uniformity.18–21  In this study, a description of the drying length, l, is much 
more complicated because added inertia resulting from vibration. The relative amount of 
inertia in this system is characterized by the Weber number, We, which is the ratio of the 
drop inertia to the surface tension, 
   
   (3) 
 
where r is density of fluid, A0 is vibration amplitude, w is frequency, L is radius of 
curvature of the droplet between the blade and substrate, and g is surface tension. In this 
case, based on millimeter scale of L, We value is between O(10-1) and O(1), demonstrating 
that inertia is roughly significant, but much less than ultrasonic vibration.  In these 
experiments with moderate to large A0 and low w, the increase in evaporation rate is likely 
associated with a change in the length associated with the drying film, l.  It has been 
hypothesized that the particle-substrate lubrication interactions may play a role in this 
deposition rate. 
𝑊𝑒 = 	𝜌𝐴(𝜔*𝐿*𝛾 	
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In monosized suspensions (Figure 6a), vmono is apparently higher than that of binary 
suspensions (Figure 6b-d).  From the Nagayama relationship, one may deduce that addition 
of nanoparticles may increase vs but the results show that the deposition speed decreases 
after the addition of nanoparticles. This lower speed likely results from a lower evaporation 
rate because of the available area for evaporation and the presence of nanoparticles 
depressing the vapor pressure of the solvent. However, another possible assumption is that 
the	drying length, l is affected by the addition of nanoparticles. The drying length, l, in Eq. 
(1) is generally assumed to be constant. It is used to estimate coating thickness, h, in only 
Figure 6 Phase diagram show resulting morphologies as a function of changing 
amplitude of vibration and deposition speed for (a) fmicro = 0.2 (b) fnano:f micro = 0.008:0.2 
(c) fnano:fmicro = 0.01:0.2 and (d) fnano:fmicro = 0.02:0.2. Open triangles represent 
submonolayer morphologies, black circles are monolayer morphologies, and open 
squares are multilayer morphologies. 
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small range of substrate velocities. Recently, Nagayama equation Eq. (1) has been modified 
by Joshi and Gilchrist22 in order to predict l and h over a larger range of substrate velocities, 
vs, for non-vibrated systems.   
 
3.3 Effect of vibration on thin film microstructure 
3.3.1 The relative degree of microsphere substrate coverage (r) and intensity of 
segregation (I) 
 The particle coverage, r, can be utilized to characterize the overall particles 
distribution within the thin film. It is defined as exactly found microspheres, Nf, over total 
possible microspheres within scanned area, Nt. 
 𝜌	 = 	 -.-/  (4) 
For all concentrations, r within the scanned area tends to decrease at higher amplitude of 
vibration, A0 (red and green data in figure 7). The deviation of coverage, s, increases 
significantly when less nanoparticles are present (figure 8). Moreover, s is larger at high 
vibration amplitude. These are a measures of the non-uniformity of thin film, representing 
the prominence of defects in the samples, as shown in Figure 4d. 
 The amount of nanoparticle coverage of the microspheres depends on fnano.14 
Without the use of vibration, the samples fnano < 0.06 have patchy regions where interstitial 
spaces between microspheres are completely filled with nanoparticles; other regions have 
microspheres with sparsely distributed nanoparticles (figure 9a). However, fluorescence 
imaging using confocal laser scanning microscopy shows only the regions where 
microspheres are surrounded by nanoparticles (figure 4a).  The possible reason for non-
uniform thin film might be that the large instability of interface between the air and the 
 16 
contact line occurs when very high-amplitude of vibration is imposed. This instability may 
tremendously affect the pressure distribution inside the capillary flow through the 
deposited microspheres which causes the local obstruction of nanoparticles in the 
interstitial regions. 
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Figure 7 Particle coverage, r, of the thin film samples, which is defined as exactly 
found microspheres over total possible microspheres within scanned area. 
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 Moreover, when nanoparticle concentration is lower than an optimal value, the 
nanoparticle flux is deficient and it causes the moving front of nanoparticles to lag behind 
that of microspheres. Instability arises and causes the meniscus to jump.15 Therefore, for 
samples fnano < 0.02 with vibration, some patchy areas might not have nanoparticles; black 
areas appear (figure 4b, 4c, and 4d). Especially, at high vibration amplitudes (193 µm and 
317 µm), these defects emerge throughout the sample but some areas have small and some 
have large defects. Thus s of the samples at intense vibration are apparently large. 
 Very small values of s are observed for several samples at high monolayer 
deposition speeds and vibration since high speed and vibration lead to roughly equal-sized 
defects throughout the samples. Furthermore, at high volume fraction the dynamics of the 
system slows down and the time scale for the segregation mechanism could become 
larger.23 Hence the samples with higher nanoparticle concentration (fnano:f micro = 0.02:0.2) 
have the smallest s values (figure 8).   
0
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Figure 8 Standard deviation, s, (solid line) and intensity of segregation, I, (dash line) of 
particle distribution within the thin deposited films at various compositions of fnano: 
fmicro = 0.008:0.2 (    ), 0.01:0.2 (    ), and 0.02:0.2 (    )         
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To analyze the uniformity of the system, the intensity of segregation, I, is generally used 
and quantified by the following mathematic expression, 24 
 
     (5) 
 
where 𝜌 is mean particle coverage, and 𝜎2* are the variances of particle coverage. When 
segregation is complete, I is equal to 1 and when the thin film is uniform, I is equal to 0.  
Although the number of defects tends to increase when nanoparticle concentrations 
decrease or the amplitude of vibration is much intense; s is larger, the values of I are very 
low (~ 0.02 - 0.12), indicating that the defects appear uniformly throughout the thin film.  
 
𝐼 ≡ 	 𝜎2*?̅?(1 − ?̅?) 
b) fnano:fmicro = 0.08:0.2   
 
1 µm 
Figure 9 SEM images for a) fnano:fmicro = 0.02:0.2 and b) fnano:fmicro = 0.08:0.2 at 
non-vibrational operation. 
a) fnano:fmicro = 0.02:0.2   
 
1 µm 
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3.3.2 The distribution of nearest neighbor particles  
 The distribution of nearest neighbor (NN) particles is another method to 
characterize the homogeneity of thin film. The number of NN is quantified from the pair-
correlation function 𝑔(𝑟) which is widely used to investigate the structure of isotropic 
random packing. 𝑔(𝑟) is proportional to the probability of finding a sphere center inside 
the area at a distance 𝑟 from a given sphere center.25,26 Theoretically, the microspheres, 
which are hexagonally well ordered, have six NN particles. They can have a bit higher or 
lower than six NNs when they are slightly disordered. Otherwise, when the microspheres 
are adversely disoriented, the number of the nearest neighbors decreases significantly.  
 For all samples examined in this study, the probability, P, having six NNs, is 
obviously high for the samples without vibration.  This is also apparent for the lowest 
degree of vibration considered, A0 = 69 µm, shown in figure 8 (black and blue lines). On 
the contrary, when strong vibration amplitudes (193 µm and 317 µm) are used, P decreases 
due to non-uniformity of thin film as shown in figure 8 (red and green lines).  However, 
the probability is slightly higher for samples with A0 = 317 µm (green line) than A0 = 193 
µm (red line) because the defect areas are equally larger throughout the sampling regions 
comparing to the defect areas of samples conducted at lower amplitude (figure 2d). This 
can be linked to small s values observed at A0= 317 µm. Since the strong vibration leads 
to non-uniformity of thin film, the number of NN decreases. The probability having 2 to 5 
NNs increases, corresponding to the lower P of having 6 NNs.  The graph becomes 
noticeably broader (figure 10), especially at higher vibration amplitudes (193 µm and 317 
µm).   
 20 
 
 
 
 
No vibration 69 µm 
193 µm 317 µm 
Figure 10 The probability distribution of nearest neighbor particle. For a perfect 
crystal, a central particle has six nearest neighbors.  
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3.3.3 The distribution of local area of the thin films 
The number of nearest neighbors is used to characterize only the uniformity of the thin 
films but local area can be used to analyzed both the uniformity and how well the 
microspheres are ordered. The local area, A, is given as 	
 𝐴	 = 2𝑎* 𝑠𝑖𝑛 𝜃BCBD(  (6) 
 
This area A depends on the number of nearest neighbors, n, the distance between the central 
particle and the nearest neighbors, a, and the angle between two adjacent nearest neighbors, 
q.  If the microspheres are perfectly hexagonally ordered, the minimum local area, Amin, for 
each microsphere is about 2.6 µm2. 
 Figure 11 shows the distribution of the local area of each microsphere within the 
thin film. The average local areas, highest peaks in the distribution, are weakly depend on 
the amplitude of vibration between 2.9 µm2 ≤ A ≤ 3.2 µm2. Similar to the distribution of 
nearest neighbors, the probability, P, to achieve the area of 2.9 µm2 ≤ A ≤ 3.2 µm2 is very 
high for the samples without or with the use of small vibration, as shown in figure 11 (black 
and blue lines). Nonetheless, P decreases; the peaks significantly shift lower, with 
increasing amplitude of vibration as shown in figure 11 (red and green lines). Also, a small 
second peak is observed for the samples with strong vibration indicating that the number 
of microspheres having small local areas (~1.5 µm2) tend to increase with amplitude of 
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vibration. These happen due to the non-uniformity of the thin film which is corresponding 
to the smaller r and larger s values at high vibration amplitudes. 
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Figure 11 The probability distribution of local area of each microsphere at 
various amplitudes of vibration. The local area is defined as the area within 
the connection of nearest neighbors. It is about 2.6 µm2 when microspheres 
are in perfect order. 
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 In addition, the peak slightly shifts closer to Amin (~2.6 µm2) when the vibration is 
stronger. This could be implied that the microspheres are better ordered with the use of 
vibration. However, using strong vibration may lead to disordered packing of 
microspheres; the average local areas slightly increase for very low concentration of 
nanoparticles (fnano = 0.008 and 0.01) as shown in figure 11 (green line).  From the results, 
the average local areas are not exactly the same as Amin. This may not be only because of 
disordered packing but electrostatic repulsion between microspheres as well.27  
 
4. Conclusions and future work 
 The vibration-assisted convective deposition enhances the deposited monolayers 
for the suspensions with both optimal concentration (fnano:f micro = 0.08:0.2)12  and, as 
shown in this work, low nanoparticle concentrations (fmicro = 0.2 and fnano = 0.008, 0.01, 
and 0.02). The formation of stripes is reduced after the vibration is imposed. However, 
areas developed where microspheres were not surrounded by nanoparticles, and this 
inhomogeneity increases with higher amplitude vibration. To analyze the non-uniformity 
of deposition, the particle coverage, the intensity of segregation, the distribution of number 
of nearest neighbored particles of microsphere and local area of particles were 
characterized. At low amplitude of vibration, the particle coverage is higher and has small 
deviation over large sample areas.  As expected, each microsphere on average has 6 nearest 
neighbor (NN) particles and a relatively uniform local area distribution (~ 3 µm2) for 
uniform, well-ordered particle coatings. On the other hand, when the coverage has many 
defects due to vibration, the average number of NN particles tends to decrease, and these 
defects result in smaller average local areas (~ 1.5 µm2). Even though many defects 
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generate when vibration is imposed, the overall intensity of segregation is very low, 
indicating that the thin film is relatively uniform.  
 The conventional convective deposition has been potentially employed in various 
applications as well as coatings having embedded fibers. Cellulose fibers are biodegradable 
materials and have been widely used to improve many properties of materials but 
orientation of the fibers is needed to be considered. To get good orientation of fibers, 
convective deposition could be one of the powerful methods to orient the fibers. Cellulose 
suspensions have yield stress that must be overcome to shear the material during coating. 
To overcome the yield stress, vibration-assisted convective deposition could be a feasible 
way to break the yield stress to form engineered cellulose coatings. 
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